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Two main parameters in collision experiments:

1. Energy

 de Broglie wave length | = h/p of projectile
sets limit for spatial resolution
* Rest mass of new particles m,c? < E_,

2. Eventrate [H luminosity]

 Event distributions not uniform in space
« Rare events
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Approximate rest mass of selected particles [1030kg]

Leptons Hadrons
fundamental particles made of quarks and gluons

Electron| Muon | Proton | Gold ion
e+ e I'TT T p+ p— Au79+
1 200 1700 | 335000

at high make for

: . center-of-mass
energies colliders

energies
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1 GeV proton energy gain

acceleration through

1 billion volts
Hadron colliders so far

Time Machine Lab Particles Energy [GeV]

1972 — 1983 ISR CERN p-p, A-A 31

1982 — 1990 SPS CERN p-p 315

1988 — 2009 Tevatron Fermilab p-p 980

1992 — 2007 HERA DESY et~ -p 30-920
2000 — RHIC BNL p- -p- , A-A 250, 20000
2007 — LHC CERN p-p, A-A 7000, 580000

Colliders are some of the largest,
most complex research tools
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Event rate of colliders is much lower than
event rate of fixed target experiments

Fixed target Collider
solid Au target

projectile projectile» §u79+ target
beam beam beam
target density target density
r » 5 1028 nuclei/m3 r » 10%% nuclei/m3

Density of a beam target is many orders of
magnitude lower than density of a fixed target
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High event rate requires
beam bunches of high density, that collide often

<= -

Luminosity [cm—=s-1
Event rate for dN ) y [ ]

certain process =S N L Only depends on
[s1] dt - number of particles in beam

bunch

| - beam size
Cross section - collision frequency
for process
[cm?]
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Particle Physics News and Resources A communication resource from the world's particle physics laboratories

About Interactions.org

Interactions Mews Wire #20-05

image B 2 March 2006 http:ffheeenne interactions. org

Resources
Source: Fermilab

Content: Press Release
Physics and Society Date lssued: 2 March 2006

Policy and Funding

Education

Universities / Institutes Record-breaking luminosity boosts discovery potential at Fermilab’s

Tewvatron collider
Future

Contact Us The record-breaking performance of the Tevatran collider at the Department of
Energy's Fermi Mational Acceleratar Labaratory is pushing the search for dark
matter, supersymmetric particles and extra dimensions to new limits. Repeatedly
smashing peak luminasity records, the Tevatron has created record numbers of
proton-antiproton collisions that provide the means to unveil the secrets of the
universe, Accelerator experts at the lab announced today (March 21 that in only
14 months the Tevatron collider has produced almost five times the data sample

Workspaces

_—
== News Wire

"High luminasity 1= the name of the game for particle accelerators,” said Diero
-spokesperson Terry WWyatt, University of Manchester. ™We are in a

praspect of doubling the dataset in 2008 and again in 2007, and with 8,000 inverse |
Wolfram Fischer
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CERN - Intersecting Storage Rings (ISR)

Time 1972-1983

Circumference 0.95

[km]

Energy 31.2

[GeV]

Particles p-p
P-P
p-d

He-He
Peak luminosity 140
[1039cm-2s-1]

First hadron collider,
up to 60A beam current, luminosity record held until 2005
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CERN — Super Proton Synchrotron (sps)

N Time 1982-1990
TR Circumference 6.8
'-i' 5 [km]
Energy 315
; [GeV]
=g Particles p-p
T [ Peak luminosity 7
' P . 30rm-2<-1
| ?" ) [1030cm-?s-1]
“_-'--‘--'-'-.
"--...______‘_H y

First use of anti-protons in collider,
both beams in same beam pipe
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CERN — Super Proton Synchrotron (sps)

L) =—1 f N nl(tﬂt) Debris contains anti-protons,
4p (t) need to
_ 1. Filter out anti-protons
Anti-proton production 2. Increase anti-proton

density (stochastic cooling)

metal target (Cu,W,Ni) 3. Store anti-protons
About 1 anti-proton

proton < for 1 million protons
beam \

26 GeV

Anti-proton storage vessel |

Anti-proton production rate
IS main luminosity limit
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CERN — SPS i There is a W In here

1984 Nobel Prize to
Carlo Rubbia (left) &
Simon van der Meer

52

e

T

For discovery of W and Z

2%
HE

ERT

van der Meer invented
stochastic cooling
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Fermilab — Tevatron

Time 1988-2009
Circumference 6.3
[km]
Energy 980
[GeV]
Particles p-p

e Peak luminosity 170

Main Injector . [10300m-23-1]
(new) : .

First collider with superconducting main magnet

Wolfram Fischer



Fermilab — Tevatron
FERMIONS Gins a5 ..

Leptons spin = 1/2 Quarks spin =12

Approx.

Mass  Electric Flavor Mass

Elavor Electric

GeV/c2 charge Gev/c2 Charge

p_ electron | <1x10-8
€ neutrino

€ electron |0.000511

muon <
v# neutrino 0-0002

0.106

p_tau <0.02
T neutrino

T tau 1.7771 b bottom

Top quark discovered with the Tevatron in 1995

Anti-proton production rate is
again main luminosity limit
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DESY — HERA

Time 1992-2007
Circumference 6.3
[km]
Energy 920-30
[GeV]
Particles p-etle-
S 33 Peak luminosity 75
,_..r-""' }\‘E .- = E p SN [103ocm_23_1]
’i'/j ._ Lﬁ"“f- JRETRA .~ *

First electron/positron — proton collider

Wolfram Fischer



The Questfor HIgN Luminosity

nHadron Colliders

Loty p———

________________________________________________________

________________________________________________________

s proton-proton (p-p) and proton-antiproton (p-p) collisions oo
e 1011-1010 CO1l15100S (A-A)

........................................................

mmm— |epton-proton (e-p) and lepton-ion (e-A) collisions (e and e”) .
lsﬂﬂﬂ . ET PT SPIHPOIHIZEdbems ::::::::::::::::::‘::::::::::::::::::::::::::i::::::::::::'

100

10

Peak luminosity per IP [la"cm'zs'l]




10,000

a”  1.000
=
(=]
=
:.
= 100
T
i:.
= 10
=
=4
E
- 1
0

o= p;rotlc::un—ll}roton '(1;-—1':-} and ﬁrot-ﬁn—énfiﬁrofon '(.]:-—1':- collisions
{01101 cOlliS10NS (A-A) : = ,
mmm— |epton-proton (e-p) and lepton-1on (e-4 Tevatron II P-P
JeT pT spin polarized bearns . . N bosrrniosnes
S OB reN o prmmysszazera::
20000 GeV |
“RHIC pT-pT ===
- 250 GeV |- —_—
1970 2010 2020

Wolfram Fischer




BNL — Relativistic Heavy lon Collider (RHIC)

SR g | BRAHMS & PP2PP () Time 2000-
Circumference 3.8
[km]

Energy 20000 Au
[GeV] 250 p-
Particles Au-Au
d-Au
Cu-Cu
P- -Pp-
Peak luminosity 100
[1030cm-2s-1] (so far)

First heavy ion collider
First collider of spin polarized protons
Unparalleled flexibility (species, energy)

Wolfram Fischer



e 2 Separated rings allow for
N large flexibility (including

. different species in the 2 rings)

rf stations — keep
particles in bunches
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RHIC discovered new state of matter

Contacts: Karen Mohuly Walsh, (6831) 344-8350 or Mona 5. Rowe,

[E31) 344-5056

RHIC Scientists Serve Up “Perfect” Liquid

New state of matter more remarkable than predicted -- raising many

new questions

April 18, 2005

é Print-friendly s} E-mail &ricle

83000 google hits for
“RHIC discovery”

TaMPA, FL -- The four detector groups conducting research at the
Relativistic Heavy Ion Collider (RHIC) -- a giant atom “smasher” located at
the W5, Department of Energy’s Brookhawven Mational Laboratory -- say
they've created a new state of hot, dense matter out of the quarks and
gluons that are the basic particles of atomic nuclei, but it is a state guite
different and even more remarkable than had been predicted. In
peer-reviewed papers summarizing the first three years of RHIC findings, the
scientists say that instead of behaving like a gas of free quarks and gluons,
as was expected, the matter created in RHIC's heawy ion collisions appears to

be more like a fiquid.

“Once again, the physics research sponsor
Department of Energy is producing historic
said Secretary of Energy Samuel Bodman,
chermical engineer. “The DOE is the princip:
funder of basic research in the physical sci
including nuclear and high-energy physics,
today's announcement we see that investr
off.”

“The truly stunning finding at RHIC that the
state of matter created in the collisions of
mare like a liquid than a gas gives us a pro
insight into the eariest moments of the uni
said Dr. Raymond L. Orbach, Director of the
Office of Science.

At One Trillion Degrees, Even Gold Twrns Into the Sloshiest Liquid

April 19, 2005, Tuesday &'fl]e Ne‘g l]'Drk &;imeﬁ

By KENNETH CHANG (NYT), Sc
Late Edition - Final Section F, Page
THE WEEB

DISPLAYING FIRST 50 OF 807 WORDS -It 1z about a trillion degrees hot and flows like water. Actually,
it flows ruch better than water. Scientists at the Brookhawven Mational Laboratory on Long Island announced
yvesterday that experiments at its Relattwistic Heawy lon Colider -- RHIC, for short, and pronounced "rck" --
had produced a state. .

Also of areat interest to many following oroaress at RHIC is the emerging

Wolfram Fischer



RHIC Run-6: polarized protons
at 3 or 4 different energies

120+

Last few days
of operation

Intensity [1011 p]
=1
=

15

g ]

= Reached last
= 104 ,

8, year’s peak
T ] rates after

g 1 1 week of
Sl

- - - physics operation
Sun 12 Mon 13 Tue 14

Time
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Injectors can limit bunch intensity

1 t
« Not a problem for (unpolarized) protons L(t) =— f,N=>= )
« Severe problem for antiprotons e S ms(D)

e Heavy ions for RHIC
 Required years of development

e Many limits from source to AGS
(space charge, charge exchange, ion-impact desorption, IBS, ...)

 Now RHIC injectors 10x better than next machine (LHC)

 Polarized protons for RHIC
 Unique capabilities
 Requires snakes in AGS

Superconducting helical magnet in AGS — most complex
magnet ever built by Superconducting Magnet Division
Wolfram Fischer




Nonlinear fields lead to particle loss

Accelerator magnets

Normal conducting

» Lower fields (~1.5T),
limited by iron saturation

« Small field errors,
controlled by pole tips

d !

‘\r
‘--"li hh!‘;& s b ol I
'_,-'"' b o Iqq-\.‘w
.'_,." o LS . FF{" lll-i
A |
\ d /

pole tip

Wolfram Fischer

FIELD SATURATION

superconductor

Super conducting

» Higher fields (~5T)

 Larger field errors, from
geometry and persistent
currents (time dependent!)

WARM=UP —, — ELECTRICAL BUS SLCT
HEATER %\ |
—:_'_‘_'__I'__ T

= . — INSULATOR
SURVEY - A ; .
“NOTEH ,;;Z"’ g 1A < \/
| : | \\\ — A
LOADING — Ly 2
PH ' : (N
T . ! s N —sEAu TuBE
el X
/ h AT O .
It I ! . 5 rde | N o
|I| - { |I T ! 5
NET —/([E
D PLane |}
i\
A\
\
-
\a

CONTROL HOLES

r
TAINMENT VESS 4

Severe problem at injection



Nonlinear fields lead to particle loss

Field errors make particle motion | _ 1. N@

at large amplitudes chaotic p ° s ()
(completely deterministic but unpredictable)

Nw |J ’ I H T

2= iy
it e

ek g o Pt
-"'!_EE %‘*_.—E uﬁm‘:ﬁ%% " :Eﬂ-"—ﬁ" ,.1.
='-'"W"-‘I-l.-ﬂ.:.d"-\— e 7!-"' - = e ey
i I‘

Particles lost in ~100 turns ¥

[
[—
)

ey et

,f

1 | 2 | 3
Time [million turns]

Particle amplitude [mmm]

[
=
o

—

Simulations determine tolerable magnet errors (since ~10 years)
Important during design stage
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Large intensity raises pressure

L(t) o L f@ﬂ = 50 Injection
dp TTS2 (1) C of gold

% beams
e in 2001

Need good vacuum in beam pipe =

(otherwise too many beam particles are lost B 104 { '

after collision with rest gas molecules) % q

Beam can destroy good vacuum £ | § §
2 g ¢ T
E 10 [— _
~ 0 15

Time [min]
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Beam forms electron cloud ...

beam pipe wall tertiary electrons primary electron
— >
y <> -
89

secondary electrons

Electrons hitting the wall also desorb molecules
about 1 molecule for every 1000 electrons

® pressurerise

Wolfram Fischer
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Electron cloud suppression

e Optimum bunch distribution
e Coated beam pipes — main strategy for RHIC

non-evaporable getter material (NEG) — has low secondary
electron yield, distributed pumping

e Solenoids — In selected areas
pin down electrons at beam pipe wall — cannot multiply

Wolfram Fischer

vertical position, y[em]

no solenoid field

solenoid field B=10 Gauss

6 F 6 F
4| T 41
Q
g
2 = 2}
0 2 0k
g
2t w 2F
O
4t § 4t
_6 -] 1 1 . - 1 1 s “6 1 i 1 — , 1 1 -
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horizontal position, x[cm]
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Instabilities limit bunch intensity

Resistive beam pipe wall ...

\,\ ________________________________________ L

... can make a bunch tail unstable.

Can be suppressed with
e sextupole and octupole magnets
» feedback systems

Wolfram Fischer



WARM=LP HEATER

BEAM TUBE

QUADRUPOLE
ELECTRICAL
BUS 5LOT
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YOKE

WELD BACKING STRIP

INSULATOR
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Intrabeam scattering increases beam size

=)
=

.: Intensities 4 AU-AU Storesgin RHIC L(t) :if N @
\ \ \ a0 0 m

,;

:
0:1_-‘?..4-& ....... ‘ Z+z;Z+

Scattering of particles
| within bunch leads to
ol ] . —— e peam size growth

09:00 12:00 15:00 18:00 21:01} 00:00 .
Time o particle loss

n-pair rate [kHz] Number of Auions [107]

Strongly dependent on ion charge state Z
* very severe for Au’3*

e 10x less severe for p*

Wolfram Fischer



Beam-beam effects limit n/s?
L(t) =— f,
(t) 0

eam r 2N
21 F =
Sl F -
ol Y | -
r _particlein other beam 21 8 W
e N | -
280 | .
cis e
= I T
= I B |
-
~r
1 'l 'l 'l 'l 'l 'l 'l I 2 'l
16 o £ A s} s} A g Q 10
=-1U -0 - - - . 4] - v (s ] iv
. | | amnlitnde [~1
\ '| dsamRprEsLRRLEN | VK|
- i

very non-linear

Beam-beam interaction also leads to chaotic particle motion

e Beam size growth
e Beam loss

Wolfram Fischer
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Beam-beam effects limit n/s?

Beam-beam effects cannot be
corrected with magnets

transverse kiclk

10
amplitude [o]

beam-beam kick

magnet kicks—— -/ \

Wl

* To compensate beam-beam effect, need an electron beam
Not successful so far ...

» To simulate of beam size growth, need supercomputers (~Tflops)
Not successful so far ...

General strategy:
minimize all other nonlinearities and sources of noise

Wolfram Fischer
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10.000 . — . — E— — 53
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CERN - Large Hadron Collider (LHC)

e

--..ﬂ. =

<. [GeV]

Time 2007-
Circumference 26.7
[km]
= [ Energy 7000 p
580000 Pb
Particles p-p
Pb-Pb
4 | Peak luminosity 10000
% | [1030cm-2s-1] (design)

Large amount of stored beam energy (350MJ)
Almost every beam dynamics problem relevant

Wolfram Fischer




CERN - Large Hadron Collider (LHC)

350MJ stored energy per beam

‘Beam size = kinetic energy of 20 fully
In beam pipe loaded class 8 trucks

(120,000lbs) at 55mi/hr

Must avoid large beam losses in limited time and space

Wolfram Fischer
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m— {011-1010 CO1liS100S (A-A)
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_______________________________
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__________________________________________________
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The LHC will have higher collision energies,
but RHIC will have:

 Higher heavy ion luminosity

* More flexibility for parameter scans
(species, energies)

 More heavy ion running time
(only 4 week/year for heavy ions in LHC)

e Polarized protons

Wolfram Fischer
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RHIC Il (e-cooling) 3 2012]
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from RHIC to RHIC |

Need multi-MW electron beam
prepared with an Energy Recovery Linac




RHIC Il (e-cooling) 3 2012]

Transverse beam profile in store

Only works for heavy ions in store

100

5 hours )
" 80 —
5 \
60 _ _
: with e-cooling
@ 40 without e-cooling
. . (@)
Store length limited to £ Q/
4 hours by “burn-off”; 30 i e —
Dominant beam loss 0
from particle collisions 0 1 2 3 4 5
Time, hours
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RHIC upgrades — eRHIC [ 2014]

Detector Main design parameters
*  center-of-mass energy
30-100 GeV/n
e e-p luminosity
1032-10%4 cm-—2s-1

e e-Au luminosity

N 1030-1032 cm—2s1
O
\ec’ 0\\(\(5 .
> epolarized

EBIS  BOOSTER electrons, protons,

J oe possibly light ions

V. Ptitsyn, 405t Brookhaven Lecture

Energy Recovery Linac
for electrons (5-10 GeV)

=
T
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Beyond RHIC Il — “SuperRHIC”

o What Is the ultimate Au-Au luminosity?

 What Is the ultimate p-p luminosity?

Wolfram Fischer



Beyond RHIC Il — “SuperRHIC” au-Au

* Au beam loss with e-cooling dominated by burn-off
(particle loss from collisions studied by experiments)

e Luminosity increase only with more beam of same density
(other methods only lead to faster burn-off)

® Superbunches
P12 \ (very long bunches)
® Need different acceleration
P10 P2} technique (R&D item)

3 long bunches fill
1PE PHENIX P4 1/2 of circumference

/ (currently 4% filled)
1IP6 STAR

Au Luminosity increase of ~15x

Wolfram Fischer



Beyond RHIC Il — “SuperRHIC” p- -p-

* p beam loss dominated by beam-beam interactions
» e-cooling at store not effective

Need new ideas:
1. Superbunches
2. Electron lenses compensate beam-beam effect

3. Optical stochastic cooling at store
(V. Yakimenko, 408" Brookhaven Lecture)

All these things are unproven technologies today,
but every new technology was at some point.

P- -p- luminosity increase of ~130x beyond RHIC Il
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The Quest for HIgh Luminosity
n Hadron Colliders

Wolfram Fischer |/
Collider-Accelerator Departm




